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Summary
Background Essential tremor (ET) significantly impacts patients’ daily lives and quality of life, presenting a consid-
erable challenge in clinical practice. In recent years, novel therapeutic regimens have been investigated in ran-
domized controlled trials (RCTs). This study aims to investigate and evaluate the relative efficacy and safety of various
therapeutic interventions for ET.

Methods We did a systematic review and Bayesian Model-based Network Meta-analysis (NMA) of RCTs. Following
PRISMA-NMA guidelines, a comprehensive database search was conducted up to April 1, 2024 to identify RCTs
focused on ET treatments. The Bayesian Markov Chain Monte Carlo (MCMC) method was utilized for the
analysis, evaluating the relative efficacy and safety of treatments using standardized mean difference (SMD) and
log odds ratios (log ORs), respectively. Additionally, the Surface Under the Cumulative Ranking Curve (SUCRA)
was applied to assess the relative efficacy of the treatment modalities. PROSPERO registration: CRD42023415752.

Findings This study included 33 RCTs involving 1251 patients, covering 19 oral medication treatments and six non-
oral medication treatments. NMA showed that deep brain stimulation (DBS) (SMD = −4.93; 95% CI: [−7.73, −2.13]),
CX-8998 (SMD = −2.69; 95% CI: [−5.26, −0.14]), atenolol (SMD = −2.36; 95% CI: [−4.70, −0.10]), and propranolol
(SMD = −1.59; 95% CI: [−2.25, −0.67]) showed relative efficacy compared to placebo, with DBS demonstrating
relative efficacy compared to 15 other treatment methods. However, GRADE assessment indicated that the
evidence level for these conclusions was “low” or “very low.” According to SUCRA rankings, DBS (0.97) ranked
first in relative efficacy, followed by CX-8998 (0.80), thalamotomy (0.79), atenolol (0.76), metoprolol (0.66),
propranolol (0.64), magnetic resonance guided focus ultrasound (MR-FUS) (0.624), ICI-118551 (0.620),
nimodipine (0.61) and phenobarbitone (0.59). In terms of safety, as a network graph could not be constructed,
DBS and thalamotomy were excluded from the NMA, while other effective treatments showed no significant
differences in safety compared to placebo.

Interpretation Our study results indicate that CX-8998, propranolol, and atenolol demonstrate relative efficacy and
safety in treating ET. DBS is effective for medication-resistant ET and ranks first in relative efficacy, though our
NMA lacks safety data for DBS. Given the low overall grade of evidence, these results should be applied
cautiously in clinical practice. Further large-scale, head-to-head RCTs are needed.

Funding This work was supported by grants from the National Nature Science Foundation of China (Grant No.
82271459).

Copyright © 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Essential tremor; Treatment; Efficacy; Safety; Network meta-analysis; RCTs
Introduction
Essential tremor (ET) is a prevalent movement disorder,
affecting approximately 1% of the global population,
with incidence rates rising to 4%–5% among individuals
aged 65 and older.1,2 While most ET patients initially
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exhibit mild symptoms that progressively worsen, it is
estimated that 30%–50% will eventually experience
more severe manifestations.3,4 In such cases, the severity
of hand and limb tremors escalates markedly, pro-
foundly impairing their ability to perform fine motor
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Research in context

Evidence before this study
The management of essential tremor (ET) includes a diverse
array of treatment modalities, but the optimal treatment
approach and the relative efficacy and safety of these options
remain uncertain. Most randomized controlled trials (RCTs)
and pairwise meta-analysis typically compare a single
treatment with a placebo, lacking direct comparisons between
different treatment options. Network meta-analysis (NMA)
provides an effective strategy to address this issue. We
systematically searched MEDLINE, Web of Science, Embase,
Scopus, and the Cochrane Central Register of Controlled Trials
up to April 1, 2024, using terms “Essential tremor” “random*”
“control*” “treat*” “therapy” “Deep Brain Stimulation”
“Thalamotomy” “Focused Ultrasound” “Botulinum Toxins”
“Propranolol” “Primidone” “Topiramate” “Gabapentin”
“Alprazolam” “Clonazepam” “Zonisamide” “Olanzapine”
“Clozapine” and “Nimodipine”.

Added value of this study
Our analysis covered 33 RCTs, involving 1251 participants and
25 different treatment methods. The results showed that
deep brain stimulation (DBS), CX-8998, atenolol, and
propranolol demonstrated relative efficacy compared to
placebo, with DBS outperforming 15 other treatment
methods. Regarding safety, DBS could not be evaluated due
to insufficient data, while the other four effective treatments
showed no significant differences compared to placebo.

Implications of all the available evidence
This study conducted a comprehensive comparison of the
relative efficacy and safety of various treatment methods for
ET through a systematic review and NMA. The findings
provide valuable information for clinical guidelines and
support the decision-making process between patients and
clinicians, helping to select the most appropriate treatment
for ET patients.
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tasks like writing and holding objects. This escalation
not only diminishes their quality of life but also signif-
icantly hinders their work capabilities, leading to
broader impacts on their daily living and independence.5

The management of ET includes a diverse array of
treatment modalities, broadly categorized into medica-
tion treatment, surgical treatment, and non-medication
non-surgical treatment.6 Before initiating treatment,
patients usually experience a prolonged course of the
disease. Once treatment begins, patients typically start
with oral medication therapy.7 In medication therapy,
according to guidelines established by the American
Academy of Neurology (AAN) and the Italian Movement
Disorders Association (IMDA), propranolol and pri-
midone are the preferred prescriptions, with medica-
tions like gabapentin, topiramate, and benzodiazepines
are also frequently utilized.6,8–10 However, it is important
to note that only about half of the patients experience a
significant reduction in tremor severity with these
medications.11 When pharmacological treatments are
ineffective or have significant side effects, patients may
gradually transition to invasive treatment methods, such
as deep brain stimulation (DBS).7,12 However, due to the
lack of Level I evidence, DBS has only received a ‘C’
recommendation for the treatment of ET.13,14 Further-
more, recent advancements like magnetic resonance
guided focus ultrasound (MR-FUS) have gained traction
in research, presenting a novel therapeutic possibility
for ET management.14,15

Given the plethora of recent randomized controlled
trials (RCTs) concerning the treatment of ET, it is
imperative to update existing treatment guidelines.
Traditional RCTs typically focus only on comparing a
single treatment modality against a placebo, lacking
direct comparative analysis among various treatment
options. These limitations significantly restrict a
comprehensive understanding of the efficacy and safety
of interventions for ET. Network Meta-Analysis (NMA)
provides an effective strategy to overcome these de-
ficiencies. By integrating data from multiple RCTs,
NMA enables a detailed assessment of the relative effi-
cacy and safety of different treatment options. This
study aims to establish a more comprehensive and
reliable clinical decision-making framework through a
systematic review combined with NMA, thereby
enhancing the accuracy of evaluations regarding treat-
ment efficacy and safety.
Methods
The NMA was executed in adherence to the Preferred
Reporting Items for Systematic Reviews and Network
Meta-Analyses (PRISMA-NMA) guidelines. Additionally,
this study was prospectively registered with PROSPERO
(CRD42023415752).

Search strategy
A comprehensive literature search was performed
across MEDLINE, Web of Science (WOS), Embase,
Scopus, and the Cochrane Central Register of
Controlled Trials, starting from inception to April 1,
2024, without language restrictions. The search strategy
was developed through a comprehensive combination of
Medical Subject Headings and free text, focused on
“essential tremor” AND (“random*” OR “control*”)
AND (“treat*” OR “therapy” OR “Deep Brain Stimula-
tion” OR “Thalamotomy” OR “Focused Ultrasound” OR
“Botulinum Toxins” OR “Propranolol” OR “Primidone”
among others). The strategy details, including specific
terms used, are outlined in Supplementary Table S1.
www.thelancet.com Vol 77 November, 2024
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We further ensured comprehensiveness by screening
references of relevant reviews.

Selection criteria
Titles and abstracts were screened before the assess-
ment of full texts to determine the eligibility. We
restricted inclusion to double-blind RCTs to increase
methodological rigor and minimize biases, especially as
placebo was part of the NMA.16

Studies were considered eligible if they met the
following criteria (a) Population: diagnosed with ET
based on clinical history and examination by a neurol-
ogist specializing in movement disorders, or according
to the diagnostic criteria of the Movement Disorder
Society17; (b) Interventions: use of any type of therapy as
an intervention; (c) Comparisons: studies should
include either a control group without treatment or a
comparison group with different treatments; (d) Out-
comes: at least one objective or observer-based contin-
uous tremor measurement must be reported to assess
the improvement in tremor after treatment (e.g., the
Fahn-Tolosa-Marin Tremor Rating Scale [TRS], the
Tremor Research Group Essential Tremor Rating
Assessment Scale [TERAS], tremor intensity, or other
physician assessments); (e) Study design: double-blind
RCTs. Exclusion criteria were as follows: (a) study not
specifically targeting ET, such as those involving ET and
Parkinson’s Disease, where ET data cannot be clearly
distinguished; (b) missing data or data that could not be
extracted; (c) the sample size of the original study
experimental group was ≤10. In cases where multiple
studies report the same or overlapping patient data, the
most recent and comprehensive studies of patient pop-
ulations are included.

Data extraction
Two reviewers (JZ and YR) independently extracted the
required data. From each study, we extracted: (a) study
characteristics (author’s first name, year of publication,
country, sample size, follow-up duration); (b) patient
characteristics (mean age, gender ratio, duration of
onset); (c) outcome measures (interventions, types and
values of outcome measurements, incidence of adverse
effects [AEs], and the discontinuation rate due to AEs).
For qualitative results reported graphically, we obtained
quantitative results through GetData software. If data
are not available, we contact the author directly to
request more information.

Data synthesis
To ascertain efficacy, we utilized the standardized mean
difference (SMD) along with 95% confidence intervals
(CIs), quantifying improvements in patients’ tremors or
symptoms. For assessing treatment safety, the loga-
rithm of the Odds Ratio (log OR) and its 95% CIs were
employed. Our safety endpoints were the proportion of
treatment cessation due to AEs and the AEs elicited by
www.thelancet.com Vol 77 November, 2024
the treatment itself. Our analyses predominantly relied
on data derived from the intention-to-treat (ITT) sam-
ple (subjects as randomized) or the modified intention-
to-treat (mITT) sample (subjects who engaged in at
least one treatment session), rather than exclusively on
the per-protocol set (subjects who completed the
treatment).

Our analysis commenced with a conventional meta-
analysis, utilizing Stata 14.0 software (STATA Corpora-
tion, College Station, Texas) for data processing. A
random-effects model was implemented to calculate the
SMD and the 95% CIs between various treatments and
placebo. We assessed inter-study heterogeneity using
the Cochran Q test and the I2 statistic, considering an
I2 value exceeding 50% as indicative of significant het-
erogeneity.18 To evaluate the robustness of our findings,
a sensitivity analysis was performed. We also used
adjusted funnel plot asymmetry tests to explore potential
publication bias and small-study effects, noting that a
p-value below 0.10 typically suggests such biases or ef-
fects. All tests were bidirectional, with a p-value below
0.05 deemed statistically significant.

In our NMA, we utilized the Bayesian Markov Chain
Monte Carlo (MCMC) methodology, implementing it
via the Just Another Gibbs Sampler (JAGS) within the R
statistical environment, and integrating this process
through the GEMTC package. For the analysis of each
outcome, a random-effects consistency model was cho-
sen, and its adequacy was evaluated by comparing it
with a fixed-effects model, employing the Deviance In-
formation Criterion (DIC) for this purpose. Our
approach included the deployment of four independent
Markov chains, each consisting of 20,000 burn-in iter-
ations followed by 50,000 simulation iterations, to
ensure thorough exploration of the parameter space. To
determine the model’s fitting accuracy, we generated
trajectory density graphs and convergence diagnostic
charts. The approach towards a Potential Scale Reduc-
tion Factor (PSRF) nearing 1 was indicative of the model
achieving satisfactory convergence; in cases where
convergence was not achieved, an increase in the
number of iterations was warranted. Additionally, in
scenarios involving closed loops, we applied the node-
splitting method within the GEMTC framework to
rigorously evaluate the consistency between direct and
indirect comparison outcomes, ensuring robustness in
our findings.

To further elucidate the sources of heterogeneity,
subgroup analyses were conducted based on the type of
treatment. Treatments were categorized into oral
medication treatments and non-oral medication treat-
ments (chemodenervation, surgical interventions and
non-invasive neuromodulation), with oral medications
further subdivided into β-blockers, antipsychotics, and
anticonvulsants. Additionally, separate analyses at
various time points were carried out to examine the
long-term effects of the treatments.
3
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The surface under the cumulative ranking curve
(SUCRA) was employed to present the rankings and
uncertainties of interventions. SUCRA scores range
from 0 to 1, with higher scores indicating a higher
probability of the intervention being the most effective.
The likelihood of each intervention ranking at various
efficacy levels was calculated to assess treatment
performance.

To assess result stability, a sensitivity analysis was
performed by sequentially omitting each study and
recalculating the combined estimates from the remain-
ing studies. Moreover, adjusted funnel plot asymmetry
tests were applied to explore the potential for publication
bias and small-study effects.

Risk of bias and certainty of evidence
The risk of bias for each included RCT was independently
evaluated by two reviewers (JZ, CY) using the revised
Cochrane risk-of-bias tool 2.0 (RoB2.0).19 Each study was
classified as having a “low,” “some concern,” or “high”
risk of bias. Specifically, for studies with a crossover
design, the RoB2.0 tool for crossover trials was employed.
Any discrepancies were resolved through discussion, and,
if necessary, by consulting a third reviewer (TF).

For the NMA, we utilized the Confidence in Network
Meta-analysis Internet application (CINeMA) (http://
cinema.ispm.ch) to assess the credibility of the evi-
dence.20 Initially, the evidence was considered high-
level, but based on the evaluation of evidence quality,
it could be maintained or downgraded to moderate, low,
or very low. The assessment mainly focused on six do-
mains: (a) within-study bias; (b) across-studies bias
(primarily publication bias); (c) indirectness; (d) impre-
cision; (e) heterogeneity; and (f) inconsistency.

Ethical statement
Relevant data were retrieved from public databases,
including MEDLINE, WOS, Embase, Scopus, and the
Cochrane Central Register of Controlled Trials. Ethical
approval and informed consent was covered in the
original studies and was not applicable for this study.

Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report. All authors had full access to all the data in
the study and had responsibility for the decision to
submit for publication.
Results
Selection of studies and bias risk analysis
Our initial search of an extensive database retrieved
4195 records. After deduplication 1612 abstracts un-
derwent screening, resulting in 74 full-text articles being
thoroughly examined. Of these, 33 studies21–53 satisfied
our inclusion criteria, as illustrated in Fig. 1. Of these 33
RCTs, 23 were crossover studies and 10 were parallel-
group studies. Additionally, 10 studies had no drop-
outs, making the ITT and mITT populations identical.
Among the remaining studies, 16 used the mITT pop-
ulation and seven used the ITT population. The partic-
ipants had an average age ranging from a minimum of
38.6 years to a maximum of 73.7 years. The duration of
the condition varied from 4.6 to 41 years. The main
outcomes were measured using various methods,
including the TERAS spiral drawing test, the FTM-TRS
rating scale (parts A, B, C), subjective assessments, and
functional tremor severity assessments. Detailed char-
acteristics of these studies are shown in Table 1.

The studies analyzed treatments for 1251 patients,
covering 19 pharmacological options—acetazolamide,
alprazolam, amantadine, atenolol, CX-8998, levetir-
acetam, metoprolol, mirtazapine, nimodipine, pheno-
barbitone, pregabalin, primidone, theophylline (each with
1 study); arotinolol, ICI-118551, topiramate, zonisamide
(2 studies each); gabapentin (3 studies); and propranolol
(10 studies)—alongside 6 non-pharmacological therapies:
Botulinum Toxin (BT) (4 studies), DBS and Peripheral
Nerve Stimulation (PNS) (2 studies each), and repetitive
Transcranial Magnetic Stimulation (rTMS), thalamot-
omy, MR-FUS (1 study each).

We conducted an evaluation of all potential bias
sources utilizing the Cochrane Risk of Bias Tool. Thir-
teen of the studies fell under the classification of “some
concerns,” with the main issue being the inability to
verify the identical or nearly identical allocation of par-
ticipants across the two sequences of the crossover tri-
als. The other twenty studies were deemed to present a
low risk of bias. The overall risk of bias characteristics
for the included studies is depicted in Figs. 2 and 3.
Details on the specific bias situations for each study are
provided in Supplementary Figures S2 and S3.

Pairwise meta-analysis
We evaluated the efficacy of various treatments: BT
(across 4 studies), PNS (2 studies), gabapentin
(3 studies), propranolol (7 studies), and topiramate
(2 studies). Moreover, we conducted a comparative
analysis of propranolol versus ICI-118551 in two distinct
investigations. Our findings indicate that both pro-
pranolol (SMD = −1.76, 95% CI: [−2.88, −0.64],
I2 = 93%) and topiramate (SMD = −0.60, 95% CI:
[−0.82, −0.38], I2 = 0) significantly outperform placebo in
terms of efficacy (Supplementary Fig. S1 and S2).
Regarding AEs, the incidence associated with propran-
olol (OR = 3.82, 95% CI: [0.56, 25.94], I2 = 0) and PNS
(OR = 1.84, 95% CI: [0.42, 8.03], I2 = 58.8%) was not
significantly different from placebo. However, the
occurrence of AEs in treatments with BT, gabapentin,
and topiramate was notably higher compared to placebo
(Supplementary Fig. S3–S8). Publication bias revealed
by Egger’s test was not significant, and sensitivity anal-
ysis showed no difference in results.
www.thelancet.com Vol 77 November, 2024
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Fig. 1: PRISMA flow diagram of study selection. Preferred Reporting Items for Systematic Reviews and Network Meta-Analyses (PRISMA-
NMA).
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Network Meta-analysis of all treatments
The efficacy of 25 treatments for ET was assessed in an
analysis of 33 RCTs involving 1251 patients, as illustrated
in the network diagram in Fig. 4 (A). The findings indi-
cate that DBS (SMD = −4.93, 95% CI: [−7.73, −2.13]), CX-
8998 (SMD = −2.69, 95% CI: [−5.26, −0.14]), atenolol
(SMD = −2.36, 95% CI: [−4.70, −0.10]), and propranolol
(SMD = −1.59, 95% CI: [−2.25, −0.67]) demonstrated
significantly greater efficacy compared to placebo.
Notably, DBS showed superior therapeutic effects over
the other 15 treatments, which include levetiracetam,
amantadine, mirtazapine, acetazolamide, BT, pregabalin,
gabapentin, rTMS, topiramate, alprazolam, PNS, zoni-
samide, theophylline, arotinolol, and propranolol, with
SMDs ranging from −5.13 to −3.34 (Fig. 5).

DBS had the highest likelihood of being the most
effective treatment, with a SUCRA score of 0.97. In the
NMA, DBS had the highest likelihood of being the most
effective treatment, with a SUCRA score of 0.97. This was
followed by CX-8998 with a SUCRA score of 0.80, tha-
lamotomy closely trailing at 0.79, and atenolol scoring
0.76. Other notable treatments included metoprolol
(SUCRA = 0.66), propranolol (SUCRA = 0.64), MR-FUS
www.thelancet.com Vol 77 November, 2024
(SUCRA = 0.624), ICI-118551 (SUCRA = 0.620), nimo-
dipine (SUCRA = 0.61) and phenobarbitone
(SUCRA = 0.59). It’s noteworthy that the SUCRA rank-
ings for all these treatment methods were above that of
placebo, indicating their relative efficacy. The complete
SUCRA rankings for all evaluated treatments are detailed
in Fig. 6 (A).

We evaluated the safety of various treatment methods
for ET by analyzing study withdrawal rates due to AEs,
excluding specific treatments such as acetazolamide, al-
prazolam, DBS, ICI-118551, metoprolol, primidone, and
thalamotomy (due to the lack of relevant data in the
original studies) (Fig. 4 [B]). Our findings revealed that
withdrawal rates were notably higher for levetiracetam
(Log OR = −33.92, 95% CI: [−101.48, −2.77]), mirtazapine
(Log OR = −32.55, 95% CI: [−105.50, −3.37]), phenobar-
bitone (Log OR = −31.90, 95% CI: [−108.26, −3.32]),
amantadine (Log OR = −30.18, 95% CI: [−98.95, −0.89]),
nimodipine (Log OR = −29.64, 95% CI: [−104.44, −0.74])
and zonisamide (Log OR = −16.00, 95% CI:
[−54.72, −1.04]) compared to placebo (Fig. 5).

Specifically, topiramate showed a lower withdrawal
rate than levetiracetam (Log OR = −31.17, 95% CI:
5
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Study Subjects
(intervention/
control)

Age Mean ± SD/Mean
(range)

Intervention Duration (y) Mean ± SD/Mean
(range)

Outcome

Pahwa et al. (2018) 48/43 70.5 ± 11.2/69.8 ± 10.1 PNS 29.4 ± 24.9/33.6 ± 22.4 TERAS upper limb tremor
scores

Shin et al. (2019) 12/9 68.8 (61–79)/65.2 (25–81) rTMS 8.8 ± 6.4/10.6 ± 11.9 FTM-TRS

Lin et al. (2018) 10/13 NA PNS NA TERAS spiral drawing

Elias et al. (2016) 56/20 70.8 ± 8.7/71.4 ± 7.3 MR-FUS/Thalamotomy 28.3 ± 16.4/27.9 ± 14.9 FTM-TRS

schuurman et al. (2000) 6/7 64 ± 7.6/63 ± 17 Thalamotomy/DBS NA Frenchay Activities Index

Jonathan et al. (2015) 14/6 68 (48–79) DBS NA Tremor severity

Brin et al. (2001) 45/45 68.5 ± 11.2 BT 25.5 ± 17.7 Subjective assessment

Jankovic et al. (1996) 13/12 67.4 ± 12.4/65.2 ± 13 BT 41.1（20–60）/31.9（12–59） Functional severity of tremor

Jog et al. (2020) 19/11 68.1 ± 10.6/68.2 ± 10.2 BT 24.7 ± 19.6/35.3 ± 10.2 FTM-TRS (A items 5 or 6)
FTM-TRS B

Mittal et al. (2018) 28/28 66.5 (25–82) BT NA FTM-TRS (B-Drawing)

Teravainen et al. (1986) 18/18 44.3 (21–61) Propranolol/ICI-118551 NA Tremor intensity

Larsen et al. (1982) 24/24/24 44.7 ± 13.8 Propranolol/Atenolol NA Tremor intensity

Calzetti et al. (1983) 26/26 47 (19–72） Propranolol NA Tremor amplitude (%)

Leslie et al. (1985) 11/11 53.9 (24–71) Phenobarbitone 8.7 (2–70) Tremor magnitude (%)

Papapetropoulos et al. (2022) 48/47 64 ± 9.6/63 ± 10.8 CX-8998 24 ± 16.3/21 ± 15.7 TETRAS-PS

Ondo et al. (2006) 108/100 61 ± 13/64 ± 13 Topiramate 24 ± 17/22 ± 18 FTM-TRS

Zesiewicz Th et al. (2007) 11/11 53.91 ± 13.01/60.4 ± 14.83 Pregabalin 17.58 ± 19.86/18.33 ± 14.07 FTM-TRS

Zesiewicz et al. (2007) 10/10 57.6 ± 12.8/61.5 ± 17.2 Zonisamide 7.4 ± 3.3/4.6 ± 1.6 FTM-TRS

Connor et al. (2008) 62/62 62 ± 15 Topiramate NA FTM-TRS

Gironell et al. (2005) 15/15 71.4 (60–79) Amantadine 12.2 (4–26) FTM-TRS A + B

Morita et al. (2005) 14/14 68.4 ± 15.6 Zonisamide/Arotinolol 8.3 ± 6.5 FTM-TRS

Calzetti et al. (1981) 23/23/23 49.2 (19–72) Propranolol/Metoprolol NA Tremor magnitude

Phwa et al. (2003) 13/13 73.7 Mirtazapine 24.1 FTM-TRS

Lee et al. (2003) 71/74 54.93 ± 15.59/58.43 ± 15.3 Arotinolol/Propranolol 11.3 ± 9.06/11.3 ± 9.2 Self-reported disability scale

Ondo et al. (2000) 20/20 69.9 ± 6.2 Gabapentin 29.1 ± 20.9 ALD

Gunal et al. (2000) 19/19/19/19 51.5 (18–83） Alprazolam/Acetazolamide/
Primidone

24.2 Functional score

Gironell et al. (1999) 16/16/16 67.9 (47–79） Gabapentin/Propranolol 12.2 (3–30) FTM-TRS A + B

Pahwa et al. (1998) 18/18 66.5 Gabapentin 33.4 Total tremor score

Mally et al. (1995) 10/10/10 68 (23–85) Propranolol/Theophylline 1–10 Tremor scores

Biary et al. (1995) 15/15 38.6 (19–66） Nimodipine 14.2 Clinical score

Jefferson et al. (1987) 10/10/10 40.7 (22–62） ICI-118551/Propranolol NA Modified postural

Elble et al. (2007) 15/15 62.4 ± 14 Levetiracetam 35.2 ± 21.7 FTM-TRS

Laesen T et al. (1982) 24/24 44.7 ± 13.8 Propranolol NA Tremor intensity

Fahn-Tolosa-Marin Tremor Rating Scale (FTM-TRS); The Tremor Research Group Essential Tremor Rating Assessment Scale (TERAS); Activities of Daily Living (ADL); Quality of Upper Extremity Skill Test
(QUEST); Total Tremor Scale (TTS); Botulinum Toxin (BT); Deep Brain Stimulation; Magnetic Resonance-guided Focused Ultrasound Surgery (MR-FUS); Peripheral Nerve Stimulation (PNS); repetitive
Transcranial Magnetic Stimulation (rTMS).

Table 1: Characteristics of included RCTs.
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[−99.08, −0.24]), mirtazapine (Log OR = −30.23, 95% CI:
[−103.32, −0.88]), and phenobarbitone (Log OR = −29.61,
95% CI: [−106.16, −0.85]). CX-8998’s withdrawal rate was
significantly lower than that for mirtazapine (Log
OR = −30.88, 95% CI: [−103.82, −1.21]) and phenobar-
bitone (Log OR = −30.24, 95% CI: [−106.64, −1.29]).
Furthermore, the withdrawal rate for levetiracetam (Log
OR = −32.82, 95% CI: [−100.62, −1.12]), mirtazapine (Log
OR = −31.47, 95% CI: [−104.48, −1.67]), phenobarbitone
(Log OR = −30.80, 95% CI: [−107.49, −1.62]), amantadine
(Log OR = −29.03, 95% CI: [−98.02, 0.94]) and nimodi-
pine (Log OR = −28.64, 95% CI: [−103.56, −0.99]) were
significantly higher compared to pregabalin (Fig. 5).
According to the SUCRA rankings, treatments like
levetiracetam, phenobarbitone, mirtazapine, amanta-
dine and nimodipine were comparatively less safe.
Conversely, PNS and arotinolol were indicated to have a
potentially higher safety profile, with lower SUCRA
values than placebo (Supplementary Fig. S9).

The comparison-corrected funnel plot demonstrated
a predominantly symmetrical distribution of studies
around the median line. Nevertheless, a few studies on
propranolol exhibited an asymmetric distribution, hint-
ing at possible publication bias (Supplementary
Fig. S10). Moreover, two studies, located directly below
and adjacent to the funnel plot, suggested the presence
www.thelancet.com Vol 77 November, 2024
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Fig. 2: Risk of bias plot: RCTs. Randomized controlled trials (RCTs).
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of a small sample effect. Sensitivity analyses, conducted
by sequentially excluding these studies, showed no sig-
nificant differences in the findings. For pairwise com-
parisons between different interventions that were
statistically significant, the credibility of the evidence
was assessed using CINeMA, indicating that the cer-
tainty of the evidence was “low” or “very low. Specific
details are provided in Supplementary Fig. S11.

Network Meta-analysis of oral medication
treatments
In our analysis of the efficacy of oral medication treat-
ments, we reviewed 23 RCTs encompassing 947
participants and 19 different treatment methods31–54

(Fig. 7 [A]). This analysis revealed that propranolol
(SMD = −1.61, 95% CI: [−2.76, −0.48]) exhibited
significantly higher efficacy compared to placebo
(Supplementary Fig. S12). The SUCRA rankings further
demonstrated that all the drug treatments evaluated
were more effective than placebo. The top five treat-
ments, based on SUCRA values, were CX-8998
(SUCRA = 0.81), atenolol (SUCRA = 0.78), metoprolol
(SUCRA = 0.70), propranolol (SUCRA = 0.66) and ICI-
118551 (SUCRA = 0.64). The comprehensive SUCRA
rankings for all the oral medication treatments assessed
are presented in Fig. 6 (B).
Fig. 3: Risk of bias plot: crossover trials.

www.thelancet.com Vol 77 November, 2024
In our study, we compared the safety of 13 different
oral medication treatments (the other seven treatments
lacked data related to AEs) by examining their rates of
AEs (Fig. 7 [B]). Our analysis showed that the incidence
of AEs for amantadine and gabapentin was signifi-
cantly higher than that of placebo, with amantadine
also having a higher AE incidence compared to the
other 12 treatment methods. In contrast, theophylline
had a lower AE incidence than both placebo and the
other 12 treatments (Supplementary Fig. S12).
A complete ranking of the incidence of AEs based on
the SUCRA methodology is detailed in Supplementary
Fig. S13.

We further categorized the drugs into three distinct
groups for separate analysis: β-blockers and anticon-
vulsants. In the β-blockers group, propranolol was more
effective than placebo (SMD = −1.72, 95% CI:
[−3.35, −0.13]), with SUCRA rankings as follows: aten-
olol, metoprolol, propranolol, alprenolol, ICI-118551,
and placebo. Among the anticonvulsants, phenobarbi-
tone (SMD = −1.54, 95% CI: [−2.76, −0.33]), primidone
(SMD = −1.12, 95% CI: [−2.12, −0.11]), and topiramate
(SMD = −0.60, 95% CI: [−1.20, −0.01]) were more
effective than placebo, with SUCRA rankings as follows:
phenobarbitone, primidone, topiramate, pregabalin,
zonisamide, gabapentin, placebo, and levetiracetam.
7
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Fig. 4: Network diagram. (A) for comparing all treatments efficacy. (B) for comparing all treatments safety. Botulinum Toxin (BT); Deep
Brain Stimulation; Magnetic Resonance-guided Focused Ultrasound Surgery (MR-FUS); Peripheral Nerve Stimulation (PNS); repetitive Trans-
cranial Magnetic Stimulation (rTMS).
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Network Meta-analysis of non-oral medication
treatments
Our study also incorporated an analysis of ten RCTs
focusing on non-oral medication treatments,21–30 which
covered 6 distinct treatment methods and involved 304
participants (Supplementary Fig. S14). The NMA revealed
that DBS (SMD = −4.93, 95% CI: [−6.92, −2.94]), thala-
motomy (SMD = −3.11, 95% CI: [−5.97, −0.25]), and MR-
FUS (SMD = −1.68, 95% CI: [−3.35, −0.001]) demon-
strated significantly superior treatment effects compared
to placebo. Notably, DBS outperformed the other non-oral
medication methods (SMDs range from −4.93 to −3.24),
with the sole exception of thalamotomy (Supplementary
Fig. 5: Efficacy (lower triangle in purple)/safety (upper triangle in gr
Stimulation (DBS); Magnetic Resonance-guided Focused Ultrasound Surg
cranial Magnetic Stimulation (rTMS). The bold values indicate the value
Fig. S15). SUCRA rankings indicate that all non-oral
medication treatment methods surpassed placebo in
terms of effectiveness. The efficacy hierarchy, according to
SUCRA, is as follows: DBS, thalamotomy, MR-FUS, PNS,
rTMS, and BT (Fig. 6[C]).

Comparative efficacy over time: SUCRA rankings
Our study broadened to examine the SUCRA rankings
at several key intervals, focusing on immediate out-
comes post-treatment, within one month after treat-
ment, at the one-month milestone, and during the
period from one month to six months post-treatment. In
evaluating immediate outcomes post-treatment, the
een) of all treatment methods. Botulinum Toxin (BT); Deep Brain
ery (MR-FUS); Peripheral Nerve Stimulation (PNS); repetitive Trans-
of p < 0.05.

www.thelancet.com Vol 77 November, 2024
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Fig. 6: SUCRA ranking of (A) all treatments, (B) oral medication treatments, (C) non-oral medication treatments. Surface under the
cumulative ranking curve (SUCRA), Botulinum Toxin (BT), Deep Brain Stimulation (DBS); Magnetic Resonance-guided Focused Ultrasound
Surgery (MR-FUS), Peripheral Nerve Stimulation (PNS), repetitive Transcranial Magnetic Stimulation (rTMS).
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Fig. 7: Network diagram. (A) for comparing oral medication treatments efficacy. (B) for comparing oral medication treatments safety.
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SUCRA value rankings placed DBS, propranolol,
metoprolol, PNS, and rTMS ahead, with placebo
ranking last (Supplementary Fig. S16). Within one-
month post-treatment, the SUCRA value rankings
were as follows: CX-8998, atenolol, propranolol, ICI-
118551, nimodipine, topiramate, gabapentin, mirtaza-
pine, amantadine, and placebo (Supplementary
Fig. S17). At the one-month mark, all treatments, with
the exception of levetiracetam, had higher SUCRA
values than placebo. The order of SUCRA value was CX-
8998, MR-FUS, primidone, alprazolam, rTMS, arotino-
lol, theophylline, propranolol, zonisamide, BT and
acetazolamide (Supplementary Fig. S18). In the time
frame extending from one month to six months post-
treatment, the treatments ranked from highest to
lowest in SUCRA rankings are MR-FUS, phenobarbi-
tone, topiramate, gabapentin, pregabalin, and BT, with
all these treatments ranking higher than placebo
(Supplementary Fig. S19).

Reliability assessment: consistency and
convergence analysis
We employed node-splitting analysis to evaluate poten-
tial inconsistencies by comparing the discrepancies be-
tween direct and indirect evidence. Upon implementing
the node-splitting model, our findings revealed an
absence of significant inconsistency or qualitative dis-
crepancies within the study. This outcome suggests that
the consistency model adopted in our analysis is reliable
and robust. Furthermore, we meticulously controlled
the PSRF to remain below 1. This measure indicates a
high efficiency of convergence in our study, ensuring
that our results are both stable and reliable.
Discussion
In our study, we integrated both direct and indirect ev-
idence from 33 RCTs, encompassing 1251 patients with
ET across 25 different treatment modalities, to evaluate
the relative efficacy and safety of all available treatment
strategies. Our analysis also provides a rank order
through NMA to determine the best intervention mea-
sures. The NMA results indicate that DBS significantly
outperforms placebo and 15 other treatment regimens
in alleviating symptoms of ET. In addition, compared to
placebo, treatments such as CX-8998, propranolol, and
atenolol have shown significant symptom improvement.
However, the level of evidence for these findings is
“low” or “very low”. Among all treatment methods,
DBS, CX-8998, thalamotomy, atenolol, propranolol, and
MR-FUS are ranked at the forefront in terms of relative
efficacy. In terms of safety assessment, due to the
original studies only providing comparative data be-
tween DBS and thalamotomy, which cannot be indi-
rectly compared with other treatments to form a
network, we did not include them in our NMA. Apart
from this, the aforementioned treatments that showed
relative efficacy did not exhibit significant differences
compared to placebo, either in terms of discontinuation
rates due to AEs or the incidence of AEs. Consequently,
our conclusions should be applied with caution in
clinical practice, and further high-quality RCTs are
required in the future.

The main strategies for treating ET currently include
the use of oral medications such as β-blockers, antipsy-
chotics, and anticonvulsants.6 Propranolol, a non-
selective β-blocker, is the only drug approved by the
U.S. Food and Drug Administration (FDA) for the
treatment of ET and is recommended as a first-line
treatment in both the AAN guidelines and the IMDA
guidelines.8–10 This aligns with our research findings,
where propranolol demonstrated significant efficacy in
our NMA, supporting its status as a first-line medication.
In both our NMA and pairwise meta-analyses, propran-
olol showed no significant safety concerns compared to
placebo. However, bradycardia and bronchospasm were
www.thelancet.com Vol 77 November, 2024

http://www.thelancet.com


Articles
the most common AEs reported in the studies
included,31,32,35,40 leading to contraindications for pro-
pranolol in patients with bronchial asthma and severe
bradycardia or cardiac conduction abnormalities.54,55

Atenolol, a selective β-blocker, emerges as a valuable
second-line treatment option for patients with specific
cardiac conditions or those who experience AEs from
non-selective β-blockers, due to its cardiovascular
safety.6,9,56,57 It also demonstrated relative efficacy in our
NMA without significant AEs. In addition, our NMA
included two other selective β-blockers, metoprolol and
ICI 118,551. ICI 118,551 is primarily used in laboratory
research rather than as a clinical drug.33,36 These two
drugs are recommended as second-line treatments in
the IMDA guidelines, but the evidence level is “very
low”.9 However, our NMA results showed that neither
drug demonstrated significant relative efficacy. For pa-
tients who cannot use propranolol due to contraindica-
tions but can tolerate other non-selective β-blockers,
three alternative non-selective beta-blockers—arololol,
sotalol, and nadolol—are available as second-line
treatments.8–10 In our NMA, we studied arololol but
found it lacked significant efficacy.

Primidone, an anticonvulsant drug, is recommended
as a first-line medication, and topiramate has also been
elevated to first-line treatment status in the guidelines of
the IMDA.8–10 However, neither treatment demonstrated
significant efficacy in our NMA, possibly due to the
limited number of studies and the small sample sizes
included. Due to restrictions related to RCT studies and
analyzable data, we included only one RCT of primidone
conducted over twenty years ago.48 In the original study,
the effectiveness of primidone was comparable to
another anticonvulsant, alprazolam, but it was slightly
inferior in improving tremor scores, suggesting that its
efficacy might be relatively limited. Therefore, further
research is necessary to more comprehensively verify
and understand the efficacy of primidone. Additionally,
although topiramate did not show significant efficacy in
our NMA, it performed better than placebo in our
pairwise meta-analyses, which might be attributed to
differences in analytical methods and the studies
included. Likewise, other second-line treatment drugs
like alprazolam, gabapentin, and zonisamide, also did
not show significant efficacy in our NMA.

Clozapine is an atypical neuroleptic recommended as
a third-line treatment by the AAN and IMDA
guidelines,8–10 but it is associated with a rare risk of
agranulocytosis, which can lead to fatal infections.58

Olanzapine, another atypical neuroleptic, was recom-
mended as a second-line treatment in the 2013 IMDA
guidelines, with fewer side effects, particularly in terms
of extrapyramidal symptoms and agranulocytosis.56

However, there is a lack of RCT investigating the use
of clozapine for treating ET, and only one substandard
RCT study has been conducted using olanzapine for this
purpose. Therefore, it is not possible to evaluate the
www.thelancet.com Vol 77 November, 2024
efficacy and safety of these two drugs in the treatment of
ET using the NMA method based on RCT.

In addition, nimodipine and amantadine did not
show significant efficacy in our NMA. However, CX-
8998, a T-type voltage-gated calcium channel modu-
lator still in the research phase and not yet approved for
clinical use, has shown therapeutic potential in Phase I
and II clinical trials involving patients with moderate to
severe ET,45,59 and it also demonstrated significant rela-
tive efficacy in our NMA.

When patients develop resistance to medications or
cannot tolerate the side effects, neurosurgical in-
terventions often become the alternative solution. The
primary therapeutic target is the ventral intermediate
nucleus of the thalamus, which links the cerebellum to
the cortical motor pathways. DBS has been established
as the standard surgical approach for treating
medication-resistant ET and has been proven safe for
treating bilateral and axial symptoms since its FDA
approval in 1997.60 However, due to the lack of placebo-
controlled trials, these findings are rated as evidence
level C. Our NMA indicates that DBS significantly out-
performs placebo and most other interventions in
treating ET. This holds true both in our comprehensive
NMA covering all treatment modalities and in NMA
focusing solely on non-pharmacological interventions.
Although the efficacy of DBS is generally significant, the
choice of specific targets may influence treatment out-
comes. In the two studies we included, one focused on
thalamic stimulation, while the other covered stimula-
tion of the thalamus or an unspecified area. Due to the
challenges of conducting RCTs for surgical treatments
of ET, there is a scarcity of studies, and we were unable
to thoroughly explore differences in efficacy between
different brain regions.

Since the 1950s, thalamotomy has been used to
treat ET and other movement disorders. Although this
method provides long-term effects, due to its potential
side effects and irreversibility, it has been gradually
replaced by DBS. In the studies we included that
compared thalamotomy with DBS, the incidence of
AEs was significantly higher for thalamotomy,
including cognitive impairment, mild dysarthria, and
gait disturbances. Notably, AEs in the DBS group dis-
appeared six months after the pulse generator was
turned off, indicating that DBS’s AEs are reversible. In
contrast, MR-FUS, approved by the FDA in 2016 as a
non-invasive surgical option, demonstrated lower sur-
gical risks and shorter recovery times.61–63 Our NMA
shows that the dropout rate due to AEs from MR-FUS
treatment is comparable to that of placebo and other
treatments. However, MR-FUS may also lead to per-
manent neurological AEs. Our included RCTs show
that AEs caused by MR-FUS mainly include gait dis-
turbances, sensory abnormalities or numbness, with
some patients still experiencing similar AEs after 12
months.
11
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According to guidelines from the AAN guideline,
the use of thalamotomy is recommended on a “case-
based decision”. The AAN and the IMDA guidelines
recommend MR-FUS for medically refractory cases.8–10

In our comprehensive NMA covering all ET treat-
ments, MR-FUS and traditional thalamotomy did not
show significant advantages over placebo. However, in
NMAs focused on non-oral medication treatments,
both interventions were significantly more effective
than placebo. This disparity may be attributed to the
inclusion of various ET treatment modalities in the
comprehensive NMA, which could have masked the
effects of MR-FUS and thalamotomy. Conversely, in
the NMA focused solely on non-oral medication treat-
ments, only non-oral medication treatments were
included, reducing heterogeneity between treatments
and making the advantages of these interventions over
placebo more pronounced. The relative efficacy rank-
ings indicate that DBS, thalamotomy, and MR-FUS are
the three most effective non-pharmacological treat-
ments according to SUCRA rankings.

In exploring the diversity of treatments for ET, we
evaluated the efficacy of non-oral medication treatments
such as PNS, rTMS, and BT.6 BT injections are recom-
mended for medically refractory cases, with the most
common AEs being weakness.21–24 In the case of cervical
injections, this may also lead to difficulties with swal-
lowing or breathing.6,64,65 The other two treatments are not
mentioned in treatment guidelines. In our NMA, these
methods did not significantly improve ET symptoms, and
the discontinuation rate due to AEs was not significantly
different from that of placebo and other treatments.
Furthermore, in traditional meta-analyses, BT did not
demonstrate treatment efficacy and had a significantly
higher incidence of AEs compared to placebo.

To the best of our knowledge, this is the first
comprehensive assessment of all ET treatment modal-
ities, encompassing both oral medication and non-oral
medication treatments. Our study integrates a consid-
erable number of RCTs, offering a thorough compari-
son across a wide range of treatment methods.
However, our study is not without limitations. The most
notable is that 16 out of 25 treatment modalities were
supported by only a single RCT, often with small sample
sizes. To address this, we conducted sensitivity analyses
by excluding studies with small sample sizes, which
showed no significant changes in the results. Addi-
tionally, the limited number of studies prevented us
from performing a comprehensive subgroup analysis
based on factors such as outcome variables, age, disease
duration, and diagnostic criteria. Furthermore, the
credibility of the evidence indicates that our results have
a “low” or “very low” level of evidence, underscoring the
necessity of applying these results cautiously in clinical
practice. Additionally, the predominant comparison
of treatments against placebo rather than direct com-
parisons among different treatments means that many
of our effect size estimates are derived from indirect
comparisons and should be interpreted with caution.
The need for more direct, head-to-head evidence is clear.
Lastly, the RCTs often included narrowly selected pa-
tient populations, which may not fully reflect the
broader community of ET patients, indicating that our
conclusions might not fully extend to real-world
effectiveness.

Notwithstanding these limitations, this comprehen-
sive analysis holds significant clinical importance,
particularly highlighting the superior efficacy of DBS in
alleviating ET symptoms compared to other treatments,
thus underscoring its vital role, especially for patients
unresponsive to drug therapies. Notably, our analysis
also emphasizes the efficacy of medications like CX-
8998, atenolol, and propranolol. Propranolol, in partic-
ular, has a long-standing validation for ET treatment,
reaffirming its crucial role in pharmacological strate-
gies. Additionally, our study indicates that emerging
therapies like CX-8998 show promising potential,
advocating for the continued exploration of new treat-
ment avenues. Given these findings, there is an urgent
need for further high-quality RCTs in the future to so-
lidify and expand the current evidence base.
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